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DiffusionEpidermal growth factor receptor (EGFR/ErbB1) is a transmembrane protein that can drive cell growth and sur-
vival via the ligand-induced dimerization of receptors. Because dimerization is a common mechanism for signal
transduction, it is important to improve our understanding of how the dimerization process and membrane
structure regulate signal transduction. In this study, we examined the effect of lipid nanodomains on the dimer-
ization process of EGFRmolecules.We discovered that after ligand binding, EGFRmoleculesmaymove into lipid
nanodomains. The lipid nanodomains surrounding two liganded EGFRs can merge during their correlated mo-
tion. The transition rates between different diffusion states of liganded EGFR molecules are regulated by the
lipid domains. Our method successfully captures both the sensitivity of single-molecule processes and statistic
accuracy of data analysis, providing insight into the connection between the mobile clustering process of recep-
tors and the hierarchical structure of plasma membrane.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Live cells must execute a variety of cellular processes to survive in a
changing environment. These cellular processes can be organized into
three networks: the signaling network, transcription regulation net-
work, and metabolic network [1–5]. The signaling network is responsi-
ble for relayingmessages from the external environment to the cellular
nucleus. The ﬁrst event of signaling processes occurs at various types of
receptors on the plasma membrane of a live cell. One such receptor is
the epidermal growth factor receptor (EGFR/ErbB1), which drives cell
growth and survival [6]. EGFR signaling is also responsible for several
disease pathogeneses [7].
EGFR is a transmembrane protein containing an extracellular bind-
ing domain, a single transmembrane domain, and a cytoplasmic tyro-
sine kinase domain. Ligands such as epidermal growth factor (EGF)
can bind to the extracellular domain and thus stimulate conformational
changes in EGFR that promote receptor dimerization and the activation
of the intracellular tyrosine kinase domain [6,8]. The phosphorylated
tyrosine residues then act as docking sites for adaptor proteins, which
further activate intracellular signaling cascades.
EGFR can form either a homodimer with an EGFR or heterodimers
with other members of its receptor-family [8–10]. However, conclu-
sions about the size of these molecular aggregates and the ligand-
occupancy of the signaling complex remain controversial. Conventionalng).steady-state ensemble approaches cannot be used to address the sto-
chastic nature of receptors that encounter each other in the highly het-
erogeneous and ﬂuidic plasma membrane. Recent advances in single-
molecule ﬂuorescent imaging and tracking have providedmore insights
into the behavior of intact EGFR on the plasma membranes of live cells
[11–14]. Multiple EGFR signaling complexes have been found with
varying degrees of stability. For example, by analyzing single-molecule
trajectories the dissociative rate constants of dimers, koff = 1.24s−1,
koff = 0.74s−1, and koff = 0.27s−1, have been determined for unoccu-
pied, singly, and doubly liganded dimers, respectively [13]. It was
found that dimers composed of two ligand-bound receptors are the
most long-lived; their dissociative rate is more than four times slower
than that of the unoccupied dimers. The association of EGF tomonomer,
unliganded dimers, and singly liganded dimers also differs. The doubly
liganded dimers can enter into a very slow-moving state that correlates
directly with receptor activation [13].
Recently, Lidke and his coworkers devised a two-color quantum-dot
trackingmethod to visualize the state-dependent dimerization process-
es of human EGFR [13]. A three-state hidden Markov model was pro-
posed to deduce the transition rates between free, co-conﬁned, and
dimerized states. They found that disruption of actin networks leads
to the faster diffusion of receptor dimers and concluded that actin cor-
rals establish the conﬁnement zones for EGFRs. Sequestering cholesterol
to disrupt lipid domains was found to have a minimal effect on the dif-
fusion of EGFR dimers [13], suggesting that lipid domains have a negli-
gible role in the conﬁnement of EGFRs. However, as the native protein–
lipid architectures and dynamics in the membrane environment are far
Fig. 1.Model and simulation result. (a) Schematic showing the model that involves the
structure of actin skeleton-induced membrane compartments, protein-induced lipid or-
dering domains and dynamic diffusion of protein complexes. The actin skeleton is
modeled with a potential barrier V0ð Þ and the length scales (λx and λy). The region with
induced lipid ordering (inside the red dashed circle) has ϕ(r) N 0 for enriched raft lipids
and outside has ϕ(r) b 0 for depleted raft lipids. (b) Simulation results of V(R2) are plotted
in the V(R2))− R2− D space for single-molecule receptors under free Brownian motion
(red solid circles), under conﬁned diffusion by either actin corrals alone (green open
squares, λx = λy = 70nm, barrier height V0 = 0.5 eV, and n = 1) or both actin corrals
and lipid domains (blue open triangle). The initial condition of the lipid environment
was assumed to be a homogeneous mixture with 40% raft lipids and 60% non-raft lipids
(ϕ0=−0.2). The length scales, conﬁnement amplitude, and exponent of the actin corrals
are λx = λy = 70nm, barrier height V0 = 0.5 eV, and n= 3.
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nanoscale structure on EGFR dimerization remains controversial. In this
study, we address the issue of the effect of lipid nanodomains on the
dimerization process of EGFR molecules.
2. The energetic model
The plasma membranes of live cells are complex and highly hetero-
geneous [15–18]. Single-molecule tracking of a receptor protein can
effectively probe into the microscopic environment and thermal ﬂuctu-
ations in a living cell. The inﬂuences of cellular objects or structures far
separated from a receptor protein are negligible in the description of
single-molecule diffusion of the protein. Thus, we can focus on the
local environment of the protein. Based on our current knowledge of
single-molecule diffusion in the plasma membrane, two types of inter-
actions between a receptor protein and its local environment shall be
taken into account. Firstly, the receptor protein can induce a local order-
ing of the surrounding lipid molecules via a lipid–protein interaction
[19–21]. The receptor can also serve as a nucleation site to form a stable
lipid domain and results in a free energy decrease. Secondly, there exist
actin skeleton-induced membrane compartments [22,23]. Our model
incorporates a cooperative action with the hierarchical structure of
actin skeleton-induced membrane compartments, protein-induced
lipid ordering domains and dynamic diffusion of receptor proteins.
The basic ideas of the model are illustrated in Fig. 1(a) including the
protein-induced lipid ordering and the actin skeleton-induced mem-
brane compartment with length scales λx and λy.
The diffusion of a receptor protein in the plasma membrane can be
described with the generalized Langevin equation [24]:
mγ∂t xk
!¼−∇k Vþ Fð Þ þ f k
! ¼−mγUþ f k!: ð1Þ
Here xk
! is the position vector of the k-th receptor molecule and γ is
the frictional parameter, which relates to the diffusion coefﬁcient by
mγ = kBT/D. The ﬂuctuation force f k
!
on the molecule fulﬁlls the
ﬂuctuation-dissipation theorem f k
!
tð Þ f k
!
t þ τð Þ
D E
¼ 2kBTmγδ τð Þ. We
used a potential proﬁle of V ¼ V0cosn π xkλx þ
yk
λy
 h i
cosn π xkλx−
yk
λy
 h i
to
model the interaction between the protein and actin corral with differ-
ent gradients. By adjusting the exponent n and V0, we can control the
interaction strength and range of the actin conﬁnement in a membrane
compartment.
We consider the lipid-dependent segregation of amixture of raft and
non-raft lipids as a lipid domainwith anorder parameterϕ(r),which in-
dicates the degree of enrichment of raft lipids. The enriched lipid rafts
are ϕ(r) N 0 (inside the red dashed circle in Fig. 1(a)) and the depleted
raft lipids areϕ(r) b 0 (outside the red dashed circle in Fig. 1(a)). The dy-
namic evolution of the order parameter ϕ(r) follows the Cahn–Hilliard
equation [25,26]
∂tϕ r; tð Þ ¼ D∇2 ∂ϕF
h i
ð2Þ
with F denoting the Ginzburg–Landau functional of the lipid–lipid and
protein–lipid interaction energy densities [27]. F can be expressed as
F ¼
Z
1
2
αϕ r; tð Þ2 þ 1
4
βϕ r; tð Þ4 þ 1
2
χ ∇ϕ r; tð Þj j2−ϕ r; tð ÞSP rð Þ
 
dA: ð3Þ
The Cahn–Hilliard equation is a coarse-grained version of Brownian-
like diffusion [26]. According to the Landau mean ﬁeld theory [25] of a
physical system with an inversion symmetry ϕ(r) = ϕ(−r), the ﬁrst
two terms of Eq. (3) describe the thermal stability of the system. The
parameter α represents the binding energy of lipids (i.e., the energy
needed to remove a lipidmolecule from the lipidmembrane), β denotes
the interaction strength between lipid molecules, and the third term isfrom a line tension at the boundary of two different lipid phases. Typical
values of the parameters are α= kBT/2, β= kBT/3, and χ= 4kBT ⋅ μm2
for the plasmamembrane system of live cells. The presence of a protein
results in a force ﬁeld that breaks the symmetry of lipid phases. The
symmetry breaking yields a linear term with negative value in F [25].
Therefore, the lipid ordering ϕ(r) N 0 induced by a protein (SP(r) = 1)
decreases the free energy of a lipid domain.
To evaluate the effect of the heterogeneities of plasmamembrane on
the movement of a receptor molecule, we solved Eqs. (1) and (2) self
consistently to yield single-molecule trajectories and then calculated
the variance σ2
R2
of the squared displacements R2(t). We present our
simulation results in a plot of V(R2) versus R2 tð Þ with V(R2) = σ2
R2
=
Fig. 2. Schematic diagram showing epidermal growth factor receptor (EGFR) dimers in the
heterogeneous environment of plasma membrane. The meshwork underneath the lipid
bilayer denotes the actin-based membrane skeleton. The labeling scheme used in this
study: Ab-Cy3 denotes a cyanine 3 ﬂuorophore conjugated to an EGFR antibody, and
EGF-Ax488 is a ﬂuorescent epidermal growth factor (EGF) synthesized by conjugating
EGF with Alexa 488 ﬂuorophore.
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denoting the normalized variance of R2(t). An attractive feature of
this data visualization scheme is thatwhen amolecule repetitively visits
(or stays long enough in) amembrane domain, the characteristicR2 and
V(R2) of the domainwill be imposed on the trajectory; this yields a peak
feature at the corresponding position on the plot.
Fig. 1(b) shows the typical simulation results for the molecules under
Brownianmotion (red solid circles), andwith the conﬁnement fromactin
corrals alone (green open squares) or fromboth actin corrals and lipid do-
mains (blue open triangles). For molecules under free diffusion (i.e., U=
0) with the diffusion coefﬁcient D in a lipid membrane varying from
10−4μm2/s to 10−1μm2/s, V(R2) is kept at a constant of 2. With actin con-
ﬁnement only, for those slower species with R2 tð Þ less than the conﬁned
area, V(R2) remains close to 2. Only the fast species with R2 tð Þ larger than
the conﬁned area can experience the actin potential. That causes V(R2) to
deviate from 2. For molecules moving under action of both actin corrals
and lipid domains, the larger the lipid domain that the receptormolecules
encounter, the larger the deviation of V(R2) from 2. This is due to the fact
that the larger lipid domain yields a larger U and therefore a larger R2 tð Þ
(see also Fig. S3 of SI). The smallest V(R2) is limited by the conﬁnement
effect from actin corrals. Detailed description of our theory and the simu-
lation results will be published elsewhere [28].
3. Materials and methods
3.1. Cell culture and reagents
HeLa cells were cultured in Dulbecco’s Modiﬁed Eagle’s medium
(DMEM) with 10 % (v/v) fetal bovine serum without phenol red. Before
the single-molecule live-cell imaging, the cells were plated in a slide
with eight-well chambers. After reaching 70–80% conﬂuence, the cells
were deprived of serum for 24 h. To label EGFR, the cells were incubated
with 10 nM of anti-EGFR antibody (Thermo Scientiﬁc) for 15 min and
washed three times with phosphate buffered saline (PBS). The cells
were sequentially treated with IgG-Cy3 or IgG-Qdot-525 for 15 min and
washed three times again with PBS. Biotin-EGF (Invitrogen) was conju-
gated to Alexa-488 or Qdot-585-streptavidin conjugate (Invitrogen) in
PBS. To sequester the cholesterol molecules on the plasma membranes,
10 μg/mL nystatin was added to the cell culture for 1 h before staining
with either the antibody or EGF.
3.2. Single-molecule optical measurement
Single-molecule ﬂuorescence was measured with an inverted opti-
cal microscope (Olympus IX-71) equipped with a high numerical aper-
ture (NA) oil immersion objective lens (APON 60XOTIRFM, NA 1.45,
Olympus). The output from a blue (473 nm) solid-state laser was colli-
mated and sent to the back focal plane of the objective lens to excite
quantum dots in live cells. The same objective lens was used to collect
the ﬂuorescent signal from the sample. The ﬂuorescent signals were ﬁl-
tered with a 473 nm Raman notch ﬁlter and then detected with an
electron-multiplying charge coupled device (EMCCD, Cascade II 512
from Photometrics). The measurement procedure was controlled by a
software programbased on μ-manager. Forﬂuorophore-labeled species,
the trajectories were recorded with sampling rate 100 ms and duration
100 s. For Qdot-labeled species, the trajectories were recorded with
sampling rate 25 ms and duration 100 s.
3.3. Data analysis
Coordinates of two-dimensional positions of single-molecule recep-
tors were extracted from a set of ﬂuorescent images. The nearest posi-
tions in consecutive frames were connected to form single-molecule
trajectories using multiple-target tracing algorithm [31]. We extractedthe events of conﬁned diffusion from a single-molecule trajectory by
using the conﬁnement quantiﬁcation procedure [32], which had been
demonstrated to be highly reliable to distinguish the events of conﬁned
diffusion from hopping. After retrieving the conﬁned diffusion events
from single-molecule trajectories, the local square displacements were
calculated for every three consecutive frames. A histogram of local
square displacements and normalized variances V(R2) was presented
as a 2D contour plot of R2 and V(R2).
3.4. Simulation
We discretized the generalized Langevin equation (Eq. (1)) and
solved the discretized form with the Euler scheme. To simulate the
lipid dynamics with the Cahn-Hilliard equation, we assumed that lipid
diffusion is ten-times faster than protein. Thus, we used a time mesh
of Δtl = 1 ms and a spatial mesh Δxl = Δxp = 50nm to simulate the
lipid dynamics. To correctly reﬂect the lipid–protein interaction (F of
Eq. (3)), the local lipid environment was updated to every positional
change of protein. The initial condition of the lipid environment was as-
sumed to be a homogeneous mixture with 40% raft lipids and 60% non-
raft lipids. In addition to the lipid–lipid and lipid–protein interactions
described by F, the driving force in the generalized Langevin equation
involves an anchoring potential V from actin corral V ¼ V0cosn
π xkλx þ
yk
λy
 h i
cosn π xkλx−
yk
λy
 h i
withV0 denoting the conﬁnement ampli-
tude and λx and λy the length scale parameters. In the simulation n=1
or 3, V0 ¼ 0:05 eV, and λx = λy = 70 nmwere used [22].
4. Results and discussions
4.1. Single-molecule tracking of EGFR in the plasma membrane of live cells
It remains a challenge to study cellular events in a live cell as living
cells are highly heterogeneous and stochastically dynamic at the
single-molecule level. To probe the diffusing EGFR molecules and their
local cellular environment, we tagged EGFRs in the plasma membrane
of living HeLa cells with cyanine 3 ﬂuorophore (Ab-Cy3), as illustrated
in Fig. 2. Fluorescent EGF, synthesized by conjugating EGF with Alexa
488 (EGF-Ax488), was used to activate the EGFRs. To investigate the dy-
namics of the dual-receptor complex, we can select a pair of liganded
(EGF-Ax488-EGFR) and unliganded EGFR (Ab-Cy3-EGFR) or a pair of
liganded EGFR complex (EGF-Ax488-EGFR) and studied their relative
motions. We also employed the ﬂuorescent resonant energy transfer
(FRET) technique to reveal the dynamic dimerization structure of a
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ecules with a mixture of EGF-Ax488 and EGF-Ax532 in equal molar
ratio.
The same single-molecule tracking measurements were repeated
after replacing the Cy3-tagged antibody (Ab-Cy3) with Ab-Qdot525,
and the EFG-Ax488 with EGF-Qdot585. As quantum dots have brighter
ﬂuorescence and higher photostability than organic ﬂuorophores, we
increased the sampling rate to 25 ms and track durations of up to
100 s were achieved.We detected no difference between the two label-
ing schemes in the kinetics of EGFR on live cells. This comparison is im-
portant as the dimension of quantum dots is much larger than that of
dye ﬂuorophores and there are always concerns that different labeling
schemes may cause alterations or dysfunction.
Typical single-molecule tracks of unliganded (Ab-Qdot525)-EGFR and
liganded (EGF-Qdot585)-EGFR on the same live cells are shown in
Fig. 3(a). Both the EGFR species exhibited conﬁned diffusion in region 1
(marked by the red spots), interspaced by directed movement occurring
in region 2.We bin the experimental mean-square displacements (MSD)
in a histogram to deduce the probability density function (pdf) of the
diffusion coefﬁcient such that P D; τð Þ ¼ δ D− R2τ tð Þ4τ
h iD E
. Here R2τ tð Þ ¼
r! t þ τð Þ− r! tð Þ2 þ ½ð r! tð Þ− r! t−τð Þ
h i2 
=2 is the local MSD and 〈 … 〉
denotes temporal sampling over all of the tracks in an ensemble.
Fig. 3(b) shows the deduced data taken at a frame rate of τ= 25 ms.
For unliganded EGFR at rest, two sets of diffusers were revealed.
The diffusion coefﬁcient of the fast species peaked at 9 μm2/s and
the slower one at 0.3 μm2/s. EGF activation suppressed the popula-
tion of 0.3 μm2/s b D b 6 μm2/s, whereas it increased the populations
of D≤ 0.1 μm2/s and D= 9 μm2/s. The quantum dot labeled samples,
measured at a frame rate of τ = 100 ms, yielded a slightly shifted
P(D, τ) with the fast and the slower species peaking at 3 μm2/s and
0.12 μm2/s, respectively. The shift to slower diffusion can be under-
stood by considering that an anchoring effect or hindrance occurring
on a much shorter temporal or spatial scale would be averaged out,
resulting in a smaller diffusion coefﬁcient. The down shifted P(D, τ)
was also similar to that of the tracks of dye-labeled EGFR for the same
frame rate. We also checked the concentration of the down-stream sig-
naling complex (such as phosphorylated ERK) in the HeLa cells induced
by the labeled EGFR and EGF and found it to be similar to that of the na-
tive EGFR and EGF, within ourmeasurement accuracy (see Fig. S5 of SI).
4.2. Ligand binding can relocate EGFR to cholesterol-enriched lipid domains
We applied the above technique to analyze the experimental single-
molecule tracks of unliganded Qdot525-Ab-EGFR of live HeLa cells atFig. 3. Diffusive motions of EGFRs on live cells. (a) Single-molecule tracks of unliganded (Ab-Qd
ﬁeld image of the liveHeLa cells. The regions of conﬁned diffusion aremarkedby the red spots. (b
rest and the liganded EGFR (blue solid squares) in EGF-activated cells.rest. The localization accuracy of our single-molecule optical apparatus
was about 40 nm, implying an accuracy of 0.002 μm2 for R2 tð Þ determi-
nation. Among the three peaks, labeled 1, 2, and 3 in Fig. 4(a), peak 2
was the most highly populated and had the most stable state given
that the forward rate constant was kf(2→ 3) = 3.7 s−1, which was
lower than that of the other forward kinetic process kf(1 → 3) =
10.2 s−1 and the backward rate constants kb(3→ 1) = 32.4 s−1 and
kb(3 → 2) = 39.3 s−1. The three peaks were located at the
R2;V R2
  
coordinates of (0.01, 1.45), (0.02, 1.39), and (0.04, 1.33),
respectively. The simulated curves shown in Fig. 1(b) for molecules
under free Brownian motion (red dash line), under the conﬁnement
of actin corrals alone (green dash line) or both the actin corrals and
lipid domains (blue dash curves), were replotted in Fig. 4 for compari-
son. The peak positions of the three states fell on the curve of the actin
conﬁnement, indicating that these unliganded receptor molecules
were not free diffusers, but instead conﬁned by actin corrals.
Lipid rafts are rich in saturated lipids and cholesterol [16,24]. We used
nystatin to sequester the membrane cholesterol and disrupt the lipid raft
domains in live cells. With the EGFR at rest as the control (see Fig. 4(a)),
we examined the diffusion kinetics of liganded Qdot585-EGF-EGFR. Fig.
4(b) and (c) shows the V R2
 
−R2 plot of the liganded EGFR on activated
native cells and nystatin-pretreated cells. In Fig. 4(b), three peaks were
found to locate at (0.01, 0.42), (0.02, 0.47), and (0.04, 0.54)with associated
forward transition rate constants of kf(1→ 3)=4.8 s−1 and kf(2→ 3)=
5.1 s−1. These three peak positions agreed better with the model that in-
cludes the conﬁnement effects of both actin corrals and lipid raft domains.
Pretreating the cells with nystatin reduced the forward rate constants to
kf(1→ 3) = 3.4 s−1 and kf(2→ 3) = 3.6 s−1, which were similar to
those of the unliganded EGFR at rest. Furthermore, the three peaks of
Fig. 4(c), found at (0.01, 1.39), (0.02, 1.33), and (0.04, 1.28), fell again on
the curve of the actin conﬁnement model, perhaps because unliganded
EGFRs at rest are located outside the cholesterol-enriched lipid domains.
EGF binding may cause the receptors to move into the cholesterol-
enriched lipiddomains, butpretreatmentof cellswithnystatin sequestered
the membrane cholesterol and disrupted the lipid raft domains. This leads
to local environmental changes in the ligand bound EGFR and reduced the
rate constants of the diffusion kinetics. This interpretation is further sup-
ported by our observation that nystatin pretreatment did not alter the
peak positions of unliganded EGFR on EGF-activated cells (see Fig. S1 of SI).
4.3. Duration of correlated motion of dual EGFR molecules
When a receptormoleculemoves past a nearby receptormolecule, it
may experience an interaction force that then induces a correlatedot525)-EGFR (green) and liganded (EGF-Qdot585)EGFR (yellow) superimposed on a dark
)Histogramof thediffusion coefﬁcient of unligandedEGFR (red open circles) in the cells at
Fig. 4. (a) The plot ofV R2
 
−R2 for unligandedQdot525-Ab-EGFR on liveHeLa cells at rest. Simulated curves of thepeakpositions for receptormolecules under free Brownianmotion (red
dash line), diffusive motion with the conﬁnement from actin corrals alone (green dash line), or both the actin corrals and lipid raft domains (blue dash line) are included for comparison.
The same plot is shown for liganded Qdot585-EGF-EGFR in (b) EGF-activated cells, and (c) activated cells pretreated with nystatin.
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motion, we deﬁned a parameter to more quantitatively reﬂect the
degree of correlation:
ρ ¼ ρr  ρϕ ¼
X
k
r1 tkð Þ−r1ð Þ r2 tkð Þ−r2ð ÞﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃX
k
r1 tkð Þ−r1ð Þ2
s ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃX
k
r2 tkð Þ−r2ð Þ2
s
X
k
ϕ1 tkð Þ−ϕ1

 
ϕ2 tkð Þ−ϕ2

 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃX
k
ϕ1 tkð Þ−ϕ1

 2s ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃX
k
ϕ2 tkð Þ−ϕ2

 2s ;
ð4Þ
where ri is the magnitude of a displacement by molecule i, and ϕi is the
corresponding angle of the displacement. The summations were taken
over a time mesh along the single-molecule tracks. Fig. 5(a) presents
the histogram of the correlation in single-molecule tracks of paired
Cy3-Ab-EGFR and Ax488-EGF-EGFR. As shown, the correlated portion
of the tracks exhibited a broad distribution peaking at 0.5. The(a)
 Single-ligand
Fig. 5. Correlated motion of dual EGFRs on live cells. (a) Histogram of the degree of correlatio
(b) Duration of correlated motion between the singly liganded EGFR pairs (red ﬁlled squares),histogram of correlation for dual liganded EGFR protein pairs was sim-
ilar to that shown in Fig. 5(a). We can reproduce the histogram by sim-
ulating the correlated motion of two Brownian-like particles with their
spatial separation perturbed by a thermal ﬂuctuation force. The simu-
lated distribution of correlation peaks at ρ= 0.5.
By using the method, we were able to select the highly correlated
segments from the single-molecule tracks and to analyze the duration
of correlated motion. We set both ρr and ρϕ to be larger than 0.9 to
achieve a degree of correlation higher than 0.8. The results of correlation
duration are presented in Fig. 5(b). The student's t-test ruled out the
null assumption, but supported the distribution of correlation duration
to comprise two groups with a signiﬁcant level greater than 99%. Thus,
we can conclude that prior to the formation of a dimer, the two EGFRs
moved together for about 2 s and then departed from each other; a frac-
tion of the EGFR pairs can move correlatively for a longer period and
form a dimer. The long correlation duration could last as long as 10–30 s.ρ > 80%
Single-ligand
Double-ligand
(b)
n existing in relative motion of unliganded Cy3-Ab-EGFR and liganded Ax488-EGF-EGFR.
and dually liganded EGFR pairs (blue open circles).
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unliganded species to reside in different lipid environments
As the receptors approached each other, their relative motion
yielded insights into their interactions and the constraints imposed by
membrane architecture. To unravel this important information, we
plotted the V R2
 
−R2 of the correlated motion of unliganded Cy3-
Ab-EGFR with liganded Ax488-EGF-EGFR. For comparison, the result
of the unliganded EGFRmolecules at rest is presented in Fig. 6(a), show-
ing that EGFRs diffuse rapidly with the highest V(R2) approaching 2. As
an unliganded Cy3-Ab-EGFR moved correlatively with a nearby
liganded Ax488-EGF-EGFR, the diffusionmotilityR2 of state 1 decreased
drastically to near 10−3, accompanied by a reduction of V(R2) to 0.1
(Fig. 6(b)). It is interesting to note that theV R2
 
−R2 plot of the reverse
case (Ax488-EGF-EGFR relative to Cy3-Ab-EGFR) differed in R2 , as
shown in Fig. 6(c). The resident time of Ax488-EGF-EGFR in state 2
also became longer and the V(R2) of both states 1 and 2 increased to
1, supporting the fact that the liganded Ax488-EGF-EGFR and
unliganded Cy3-Ab-EGFR resided in different lipid environments.
The V R2
 
−R2 plot of the correlated motion between two liganded
Ax488-EGF-EGFRs is presented in Fig. 7(a). Comparing the plot to that
shown in Fig. 6(c), the V(R2) values of the two major states were
found to decrease when the unliganded companion of Fig. 6(c) was
replaced by liganded EGFR, perhaps because the lipid raft domains sur-
rounding the two receptor molecules merge and yield a larger U (see
Fig. S4 of SI) during the correlated motion. Pretreatment of the cells
with nystatin (Fig. 7(b)) would disrupt the lipid nanodomains and
decrease V(R2) further; owing to the stronger dimeric interaction expe-
rienced. This explanation is supported by our spatial separation data of
the two liganded EGFRs in correlated motion presented in Fig. 7(c),Fig. 6.V R2
 
−R2 plot of correlatedmotion of dual EGFRswith single ligand. (a) unligandedCy3-
moving with a nearby liganded Ax488-EGF-EGFR companion, and (c) liganded Ax488-EGF-EGshowing that nystatin treatment shifted the distribution peak of the
receptor separation from 150 nm to about 50 nm.
Thus, two liganded EGFRs in correlated motion can form a dimer.
This can be further veriﬁed with two-color single-molecule FRET mea-
surements of Ax488-EGF-EGFR and Ax532-EGF-EGFR. The histogram
of FRET efﬁciency between the labeled receptors is presented in
Fig. 7(d). The measured FRET efﬁciency on live cells (red open circles)
peaked at 0.5with a tail extending up to 0.8, indicating that the distance
between two ﬂuorophores on the bound ligands in EGFR dimers is het-
erogeneous, which can be attributed to the different orientations of
ﬂuorophores in varying domain sizes and lipid compositions. Pretreat-
ment of the cells with nystatin rendered a FRET distribution to three
groups, with a FRET efﬁciency centering at 0.3, 0.4, and 0.8, respectively.
The highest FRET efﬁciency at 0.8 implies that without the constraint
of lipid raft domains, the two ﬂuorophores on liganded receptors in
the dimers are allowed to close each other on nystatin-treated
cells. However, the occurrence of FRET efﬁciency shall not be taken
to represent the real population of dimer conformation because the
highly nonlinear dependence of the FRET efﬁciency on distance at
the two extreme ends.
As a ﬁnal remark, we like to point out that our results also agree well
with previous theoretical and experimental studies. For example, G. Orr
et al. used single-molecule ﬂuorescence imaging to track individual re-
ceptors and their dimerization partner and found that the diffusion pat-
tern of both receptors can be altered by dwellings within lipid
nanodomains [29]. They concluded that upon ligand stimulation the as-
sociation of the receptors with lipid rafts is crucial to promote their
rapid interactions [29]. Ligand stimulation of receptor proteins can in-
crease the sizes and lifetimes of lipid raft domains [15]. To summarize
the discoveries reported in the literature, A. Kusumi et al. proposed a
cooperative action that involves the hierarchical structure of actin
skeleton-induced membrane compartments, lipid raft domains and
dynamic protein complexes [30].Ab-EGFR on liveHeLa cells at rest as the control, (b) unligandedCy3-Ab-EGFR correlatively
FR correlatively moving with a nearby unliganded Cy3-Ab-EGFR.
Fig. 7. V R2
 
−R2 plot of correlated motion of dual EGFRs with double ligands. (a) two liganded Ax488-EGF-EGFRs on live cells. (b) The same as (a) but on nystatin-pretreated cells.
(c) Histogram of the relative distance between the two ﬂuorophores on bound ligands in pairs of Ax488-EGF-EGFRs during their correlatedmotions. (d) Histogram of the FRET efﬁciency
between Ax488-EGF-EGFR and Ax532-EGF-EGFR on stimulated live HeLa cells (red open circles: native, blue solid squares: pretreated with nystatin).
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From the single-molecule trajectories of EGFRs on live cells, we
discovered that after ligand binding, EGFR molecules may relocate to
lipid raft domains, whereas unliganded species remain outside the
cholesterol-enriched lipid domains. The transition rates between differ-
ent diffusion states of liganded EGFR molecules are regulated by the
lipid domains of live cells. The cholesterol-enriched lipid domains
surrounding two liganded EGFRs canmerge during their correlatedmo-
tion. Our quantitative data analysis method captures dynamic receptor
interactions at the single-molecule level, providing details that are often
obscured in other methods. Because dimerization is a common mecha-
nism for signal transduction, our approach can be applied tomany other
receptor systems to improve our understanding of how the dimeriza-
tion process of receptors and membrane structure regulates signal
transduction.Acknowledgements
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